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Edited by Robert B. RussellAbstract Gene deletion studies in yeast have shown that only
18% of its genes are essential for survival under standard lab-
oratory conditions. This unexpectedly high fraction of genes with
apparently no deletion eﬀect has many practical and fundamen-
tal implications, and it is subject of considerable interest. Here,
we brieﬂy review some of the complementary models proposed to
explain the robustness observed in biological networks. We also
present and analyse a collection of well-documented cases of
gene pairs with capacity to compensate the deleterious eﬀects
caused by the inactivation of one of the partner genes, and sug-
gest the molecular bases of how these functional compensations
might occur at the protein level.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Large-scale sequencing projects have delivered near-compre-
hensive lists of genes for over 600 species, including 23 com-
plete eukaryotic genomes. However, biological systems are of
complex nature and the knowledge of the individual compo-
nents reveals relatively little about the functioning of an organ-
ism as a whole. It is instead the relationships between its many
biomolecules what will ultimately link the genes with a partic-
ular phenotype. Consequently, many post-genomic initiatives
are intended to discover and catalogue the diverse interaction
networks between individual components. Indeed, functional
genomics projects are already delivering the ﬁrst drafts of
whole organism interactomes (e.g. [1,2]) or gene expression
proﬁles for many diﬀerent tissues and conditions [3]. However,
even for cases where we have a close idea of the basic wiring
inherent to a certain biological process, it is extremely diﬃcult
to predict and quantify what would be the physiological
response to a certain stimulus [4].
Probably, the best strategy to gain understanding on the
functioning of a complex system is to perturb it in a con-
trolled manner and characterise the variation in the outcome
with respect to the native state. In the context of biological
organisms, this procedure can be implemented by inactivat-*Corresponding author. Address: Institute for Research in Biomedi-
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such deletions. A more complex and informative alternative
would include the inactivation of two or more genes at the
same time and seek for genetic interactions between them.
This is, to identify those phenotypes of speciﬁc double mu-
tants that cannot be anticipated by simply combining its
component single-locus eﬀects multiplicatively (see [5] for a
review). A well-known sub-type of genetic interactions are
synthetic lethals, where the combination of two gene dele-
tions is inviable, although the phenotype resulting from the
individual inactivation of each gene individually is viable.
Traditionally, studying genetic interactions has been a very
tedious and time consuming task but recent advances in
high-throughput genetic approaches, such as synthetic genet-
ic arrays (SGA) [6] and synthetic lethal analysis by micro-
arrays (SLAM) [7], have made it possible to systematise
the eﬀorts and tackle phenotypic analyses on a genomic scale
[8–10].
However, the results of such gigantic eﬀorts to comprehen-
sively characterise phenotypic eﬀects caused by gene loss have
somehow been hampered by the ﬁnding that disruption of
most genes has very little eﬀects on growth rate and viability.
Indeed, one of the most striking ﬁndings in recent molecular
biology showed that only 18% of the genes in the budding
yeast Saccharomices cerevisiae are essential under standard
laboratory conditions [9]. Additional large-scale experiments
in bacteria [11] and worm [10] have shown consistent results,
with the fraction of essential genes being low, typically in the
range of 6–19% [12].
The unexpectedly high fraction of genes with apparently no
deletion eﬀect has many practical, and also more fundamental
implications, and has thus been subject of considerable interest
[13,14]. For instance, it has important bearings in the selection
of novel drug target candidates, since the inhibition of a
protein whose function could be fully rescued through the
establishment of backup circuits would be totally ineﬀective
[15,16]. On a more fundamental side, it has raised questions
as to the mechanistic bases for gene dispensability, and
whether it is the result of natural selection acting directly to
ensure the buﬀering capacity observed in cell networks or just
an incidental side product (e.g. [17,18]).
Here, we brieﬂy review some of the current complementary
models suggested to explain the robustness observed in biolog-
ical networks and their prevalence among the set of all
described genetic interactions. We also present and analyse a
collection of well-documented cases of gene pairs with capacity
to compensate the deleterious eﬀects caused by the inactivation
of their partner gene, and suggest the molecular bases of howblished by Elsevier B.V. All rights reserved.
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level.2. Gene duplicates
The ﬁrst molecular explanation that comes to mind when
trying to rationalise the high degree of gene dispensability ob-
served is the presence of paralogues in most genomes and, par-
ticularly, in those that have undergone complete genome
duplications [19]. In this case, it is assumed that there is a di-
rect backup compensation between gene duplicates with over-
lapping functions where one gene can cover for the loss of its
paralogue. Indeed, recent work in S. cerevisiae has shown that
the chances of being essential for survival are much lower for
those genes with a close paralogue present elsewhere in the
genome than for singletons [20]. Lately, a study based on data
sets of high-density epistatic mini-array proﬁles [21,22] has
provided direct experimental evidence for duplicate compensa-
tions [23]. However, the authors have found that this type of
direct compensation can only account for roughly 25% of
the organisms robustness against null mutations. Moreover,
the authors ﬁnd that even the pairs with compensation capac-
ity show rich and often non-overlapping deletion phenotypes,
suggesting that they are unable to comprehensively cover
against loss of their paralogue, and can only become compen-
sators for certain functions under given conditions. This con-
clusion is consistent with recent reports on metabolic
networks [12], as explained in the next section.
Although functional compensation through the use of para-
logue genes has been unequivocally proved, it remains unclear
whether this trait has been directly selected for. It has been ar-
gued that there might be selective pressure acting on the topol-
ogy of biological networks to increase their robustness [24,25].
However, to the best of our knowledge, no strong evidence has
yet been presented to support this hypothesis. Alternatively,
there are studies arguing that the fact that genes with para-
logues have fewer chances to be essential is a mere consequence
of genes with severe deletion phenotypes being less likely to
have undergone duplication [26] or that neo-functionalisation
after duplication may have allowed paralogues to distribute
functions among them such that each duplicate is required in
a more limited set of conditions [27].3. Necessary under diﬀerent environmental conditions
Another possibility that has been extensively explored is the
hypothesis that dispensable genes are indeed important for the
correct functioning of the organism, but under conditions not
yet examined in the laboratory [28]. Indeed, analyses of meta-
bolic networks in yeast indicate that this is the dominant expla-
nation, accounting for 37–68% of the dispensable genes [28]. In
the same work, Papp et al. predict speciﬁc conditions in which
half of the apparently dispensable geneswould play a crucial role
although, as expected, these genes have a more restricted phylo-
genetic distribution than essential genes detected in rich media.
A recent study has combined computational ﬂux-balance
analyses and in vivo gene deletion experiments to explore the
dependency of genetic interactions on environmental condi-
tions [12]. The authors found that the majority of synthetic ge-
netic interactions are restricted to certain environmentalconditions, and argue that it is partly because of the lack of
compensation under some nutrient conditions. They thus con-
clude that the capacity to compensate null mutations may vary
substantially between diﬀerent nutritional environments and
that the impact of single and double gene deletion mutants
ostensibly changes across conditions.
They also addressed the question as towhether themutational
robustness observed could have been a directly selected trait by
studying the phylogenetic co-occurrence of synthetically inter-
acting pairs. Comparative genomics studies have shown that
members of functional modules (i.e. components of the same
macromolecular complex) evolve in a coordinated manner and
show similar phylogenetic distribution patterns across species.
However, the level of co-occurrence of gene pairs shown to
genetically interact is virtually indistinguishable for the random
expectation, indicating that the robustness exhibited by meta-
bolic networks is very likely a mere side eﬀect of the organismal
adaptation to survive in a large variety of nutrient conditions.
Moreover, the authors note that a direct selection scenario
would leave unexplained the observation that diﬀerent gene
losses can be compensated in diﬀerent environments.4. Pathway redundancy
It has been repeatedly shown that there is a close relation-
ship between phenotypic proﬁles derived from functional ge-
netic interactions and other, perhaps more physical,
biological networks. For instance, proteins in the same region
of a genetic network also trend to directly interact in yeast, and
gene products forming part of a particular complex often have
similar expression patterns [29,30]. In light of these ﬁndings,
several authors have suggested that the key to understanding
gene networks is to integrate them with other types of high-
throughput biological data such as protein–protein interac-
tions or gene expression proﬁles [31].
The basic assumption is that synthetic lethal interactions can
be associated with one of the following physical interpreta-
tions: between-pathways models, within-pathways models or
indirect eﬀects. The between-pathways model refers to those
cases where a genetic interaction links genes functioning in
two pathways with redundant or complementary functions.
Here, the deletion of one gene would inactivate one pathway,
while the other would still be functional. Within-pathway
interactions involve those cases where genetic interactions are
observed between proteins within the same biological pathway.
The deletion of a single gene is somehow dispensable, but the
level of damage in that pathway produced by the combination
of two deletions is lethal. Finally, indirect eﬀects are all those
cases for which we can not identify the mechanism responsible
for the lethal phenotype in the network of physical protein
interactions. These indirect eﬀects are likely to occur when
the deletion of a given gene triggers a complex cell response
involving many diﬀerent pathways [32]. Based on these three
models, Kelley and Ideker [31] developed a probabilistic
framework to deﬁne relationships between protein interaction
networks and synthetic lethality and reported that, indeed,
their model was able to explain roughly 1922 of the over
4800 genetic interactions included in their analysis. They also
found that the majority of these interactions fell within the be-
tween-pathways model, indicating a large degree of pathway
redundancy and complementarity in yeast. Recently, Ulitsky
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13000 genetic interactions and, using a more lenient deﬁnition
of pathways, could extend the analysis and suggest an explana-
tion for 3765 interactions by either model.5. Analysis of a small set of literature-curated compensatory
pairs
From the sections above, it might seem that we can oﬀer a
molecular explanation to most genetic interactions observed.
However, back of the envelope calculations show that this is
not the case. Indeed, if we consider the complete set of
10819 synthetically sick or lethal (SSL) yeast double mutants
reported in Tong et al. [34], Pan et al. [35] and many small
studies, we ﬁnd that the gene duplicates and pathway redun-
dancy theories can only account for 2.5% and 35.7% of them,
respectively, leaving thus 61.8% of SSL pairs unexplained.
Evidently, it is the global trends extracted from the analysis
of large-scale data that need to be used to derive general
models to explain genetic interactions and their evolutionary
implications. However, looking in more detail at a handful
of well-understood cases is also illustrative. To this end, we
compiled a set of 173 literature-curated protein pairs that have
been shown to be functional compensators [36–39] and ana-
lysed some of their functional and structural characteristics
for this minireview (Fig. 1). We are, of course, aware thatFig. 1. Network representation of the 173 compensatory pairs extracted from
dashed lines genetic interactions and solid lines physical interactions. The n
protein (green = cytoplasm; petrol blue = bud; dark red = nucleus; bro
blue = vacuole, endosome, lipid particle; light blue = Golgi; light green = celour collection of compensatory pairs might be biased towards
particular, extensively studied, cases of direct compensation
and do not claim any general validity.
Since our examples come from a literature search, they sim-
ply represent pairs of proteins that have been shown to be
functionally related and with compensation capacity. Thus,
the ﬁrst thing that we did was to check whether we could com-
putationally detect genetic interactions between them, and how
many of these potential interactions had previously been found
in the large-scale experiments [34,35]. If two yeast strains with
deletions of a single ORF are viable, but weak, it is to be ex-
pected that the double mutant is sick or inviable, not necessar-
ily because these ORFs have compensatory functions but
simply because each loss impairs the function of the organism
so much that the double loss cannot be tolerated (cf. indirect
eﬀects described above). Combining the ﬁtness eﬀects for single
ORF deletions determined by Steinmetz et al. [8] we could esti-
mate theoretical double deletion growth rates for 133 pairs be-
tween 0.6 and 1.1, with an average of 0.9 ± 0.1. Thus, if the
compensators were functionally independent, we would expect
those double mutants to be viable. Yet experimental double
deletions have been created for 60 of these ORF pairs, with
59 of them being synthetically sick or lethal, showing that they
indeed do genetically interact. For another 40 compensatory
pairs, the deletion of one partner was already lethal and thus
we could infer no genetic interactions, theoretical or experi-
mental.the literature. Thick dashed lines show the compensatory pairs, thin
ode colour represents the subcellular localisations of each individual
wn = cytoskeleton; pink = mitochondrion; dark blue = ER; violet/
l periphery, red = unknown).
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stitute for each others loss, but the more they diverge the less
likely such compensation is [20]. We thus studied the frequency
of paralogous genes among our set of compensators and their
degree of sequence divergence. We used three diﬀerent mea-
sures: pairwise sequence identity, reciprocal BLAST search,
and domain architecture. Pairwise sequence identity, deter-
mined via global sequence alignment, is a good indicator for
the overall similarity of two proteins. The values in our dataset
range from 0.4% to 97%, with an average of 25% ±25 sequence
identity. Reciprocal BLAST [40] searches are often used to
identify homologous proteins. For a reciprocal match we re-
quired each compensator to ﬁnd its counterpart with a se-
quence coverage of at least 85% and an E-value 6104.
Thirty-eight pairs (22%) fulﬁl these criteria, meaning that there
is a high chance of them to be paralogues. Conservation of do-
main architecture, on the other hand, is a more abstract mea-
sure of homology than sequence comparison. Domains form
structural units of proteins that evolve independently, thus if
two proteins contain several domains in the same order and
rate, it is likely that they arose from a common ancestor. How-
ever, the expressiveness of this comparison is impaired for pro-
teins with only one domain, since there is considerable
variation in sequence and speciﬁcity for many domain families.
Although it has been suggested that reoccurring domains may
explain robustness [41], as they only interact speciﬁcally with
some partners, the mere occurrence of the same domain in
two proteins is not suﬃcient to achieve robust cellular behav-
iour. We assigned Pfam domains via their HMM proﬁles [42]
and found that 64 compensatory pairs have the same domain
architecture. Forty-eight of these have only one domain, thus
the assumed similarity of those ORF pairs should be treated
with care. Overall, when considering proteins with a sequence
identity over 30% as similar, we ﬁnd that 70 of the 173 com-
pensatory pairs are potential paralogues according to at least
one of the measures described above. Moreover, 34 pairs are
similar under all measures applied. This means that roughly
20–35% of the compensations observed could be explained
by the existence of paralogous genes somewhere in the genome,
a result that fully agrees with what has been previously ob-
served in more comprehensive datasets [23].
As described above, another major model to explain robust-
ness are alternative pathways. To ﬁnd out whether our litera-
ture-curated pairs are likely to be direct compensators, or
rather components on diﬀerent sides of alternative pathways,
we compared them with the pathways recently derived by Ulit-
sky and Shamir [33]. We could match 58 of the 194 proteins in
our set and found that 15 compensatory pairs do actually ap-
pear on diﬀerent sides of such pathways, indicating that they ﬁt
the within- or between-pathway-model and are probably not
direct compensators. This indicates that, as suspected, our
set is biased towards direct compensators, since only 9% ﬁt
the between or within-pathways models, compared to the
30–40% reported for large-scale data [31,33].
Although many duplicates have diverged in terms of expres-
sion patterns, Kafri et al. recently showed that transcriptional
reprogramming allows the organism to be rescued upon muta-
tion or loss of an ORF, and related this to transcriptional core-
gulation of the two paralogues [36]. However, this is somehow
controversial since it has also been reported that relatively few
members of synthetically lethal pairs change regulation of
expression upon loss of their counterpart [39]. To explore po-tential coregulation by common transcription factors (TFs) in
our set of compensators, we used data contained in the pub-
lished transcriptional regulatory networks [43,44]. Overall,
we found 106 pairs to be coregulated, with 22 pairs being di-
rectly coregulated (i.e. the same TF regulates both compensa-
tors).
A direct compensation between protein pairs necessarily im-
plies that both compensators interact with a shared interaction
partners and thus should colocalise. Data on subcellular local-
isations has been determined experimentally for 116 of the lit-
erature-curated pairs [45]. The majority of these, and more
than half of all the curated pairs (91), share at least one of their
subcellular localisations. Yet colocalisation is not suﬃcient for
direct compensation, there must also be a physical interaction
between each of the compensators and a shared partner, and it
is through this interaction that the compensatory eﬀect is
achieved. For 96 pairs (55%), one or more proteins were found
to physically interact with both compensators. The number of
shared partners, as well as the total number of interaction part-
ners of each compensator, varies greatly. As some proteins
interact promiscuously with lots of partners, a common inter-
action partner could arise by chance. Therefore, we computed
the ratio of shared partners vs. all partner of the more promis-
cuous protein, ranging from below 0.01 to 0.67 with an average
of 0.15 ± 0.17. This may seem low, but in comparison to 10000
sets of 173 randomly selected pairs the literature-curated com-
pensators have many common partners: only for 23% of the
random pairs any shared interaction partners were found,
and the P-value for getting the obtained average of 0.15 is
<104.
Structural studies of interacting proteins have revealed that
binary protein interactions often occur either between two
globular domains, or between a globular domain in one pro-
tein and a short linear peptide in another. We searched for a
domain or motif common to both compensators, and a bind-
ing motif or domain in the shared interaction partners that
would explain the molecular bases for the compensation ob-
served. Pfam domains were assigned as described above and
their interactions taken from 3DID [48]. Motifs were taken
from the eukaryotic linear motif database (ELM) [47], as-
signed to all yeast ORFs and mapped to their binding Pfam
domains in order to ﬁnd domain–peptide interactions. Among
the 96 compensatory pairs with common interaction partners,
91 share a domain or motif. And for 22 of those, at least one of
the common interaction partners contains the complementary
domain/motif known to bind with the feature shared by both
compensators (Fig. 2). When we incorporate data on physical
and genetic interactions discovered between the proteins in-
volved in these 22 compensatory pairs, the resulting network
shows a high connectivity, suggesting thus more, undiscovered,
cross-talk possibilities among diﬀerent pairs of compensators.
Finally, we checked whether the literature-curated compen-
satory pairs share functional annotation as provided through
the gene ontology (GO) project: we computed a score for each
pair of ORFs indicating how many GO terms they share, and
how frequent these are in the overall annotation of the yeast
genome, thereby integrating both the GO hierarchy and the
distribution of terms used. For all three main branches of
the GO hierarchy – molecular function, biological process,
and cellular component – we observed low scores for shared
terms, indicating that the annotations of the compensators
are diﬀerent. The average score for biological process
shared interaction partner
common domain/motif
target has matching domain/motif
173 literature—curated
compensatory orf pairs
96 (55.5%)
22 (12.7%)
91 (52.6%)
Fig. 2. Fraction of literature-curated compensatory pairs for which we can suggest diﬀerent levels of detail of how a direct compensation might
occur. From top to bottom: number of compensators that share a common interaction partner (yellow background, violet protein blob), that have a
common domain/motif (orange background, blue element), and for which the shared interaction partner show a complementary domain/motif to the
one found in the compensators (red background, green element).
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(1.3 ± 1.5) which in turn exceeds that for cellular component
(0.7 ± 0.7). The scores for the 22 cases in which we could iden-
tify a shared partner with a binding domain or motif are higher
(molecular function 2.6 ± 1.2, biological process 2.3 ± 0.8, cel-
lular component 0.8 ± 0.8) so there appear to be more similar-
ities within these pairs, however the wide and irregular
distributions do not allow a clear conclusion. Nevertheless,
the lack of speciﬁc shared terms supports the notion that com-
pensators, whether paralogues or not, often have evolved dif-
ferent main functions, but can take over others under certain
conditions, should need be [12,23].
Overall, in the analysis of our small set of literature-curated
compensatory pairs, we observed that up to 20–35% of our
pairs are similar enough to be paralogues, 60% showed tran-
scriptional coregulation on some level, and more than half
colocalise. An analysis of shared GO terms could not reveal
common speciﬁc annotation. The average values for the 22
pairs with a direct compensator increased for almost all
parameters, but the distributions for both sets were broad
and non-normal, impeding consistent interpretations. Direct
compensation could explain one in eight compensatory pairs
found in the literature, while alternative pathways were rela-
tively rare in our dataset (9%) but are found more frequently
in large datasets stemming from high-throughput studies of
synthetic sick or lethal pairs (30% and more), indicating a bias
in the literature-curated set. This may be caused by a focus of
individual studies on direct compensators. Because the do-
main–domain interactions were derived from high-resolution
three-dimensional structures [46], and only 36% of the domains
in Pfam were found in interacting structures [48], along with
fact that motifs are hitherto mainly deﬁned via manual cura-
tion, it is possible that more cases of direct compensation exist,but the underlying domain–domain or domain–motif interac-
tions, or the motifs themselves, have not been discovered yet.
Also, several pairs in the literature-curated dataset are en-
zymes, direct compensators with respect to their substrate,
but as the binding does not happen via domain–domain or do-
main–motif interactions we cannot explain them with the
rationale described above.6. Concluding remarks
We have brieﬂy presented some of the best funded and most
popular theories to explain the high resistance to single-gene
deletions observed in yeast, together with an analysis of a lit-
erature-curated set of protein compensatory pairs. We have
also shown how the integrated analysis of genetic and pro-
tein–protein interactions can be a powerful approach to unveil
the molecular bases of such biological robustness. The chal-
lenge is now to extend these analyses to study the eﬀects of ge-
netic redundancy in higher eukaryotes, and to develop
computational models able to predict phenotypic outcomes
upon single or double-gene deletions in those organisms for
which data is scarce or unavailable.
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